The phosphoenolpyruvate:sugar phosphotransferase system (PTS) is the major carbohydrate transport system in oral streptococci. The mannose-PTS of Streptococcus mutans, which transports mannose and glucose, is involved in carbon catabolite repression (CCR) and regulates the expression of known virulence genes. In this study, we investigated the role of EII Glc and EIIAB Man in sugar metabolism, gene regulation, biofilm formation, and competence. The results demonstrate that the inactivation of ptsG, encoding a putative EII Glc , did not lead to major changes in sugar metabolism or affect the phenotypes of interest. However, the loss of EII Glc was shown to have a significant impact on the proteome and to affect the expression of a known virulence factor, fructan hydrolase (fruA). JAM1, a mutant strain lacking EIIAB Man , had an impaired capacity to form biofilms in the presence of glucose and displayed a decreased ability to be transformed with exogenous DNA. Also, the lactose-and cellobiose-PTSs were positively and negatively regulated by EIIAB Man , respectively. Microarrays were used to investigate the profound phenotypic changes displayed by JAM1, revealing that EIIAB Man of S. mutans has a key regulatory role in energy metabolism, possibly by sensing the energy levels of the cells or the carbohydrate availability and, in response, regulating the activity of transcription factors and carbohydrate transporters.
Streptococcus mutans is the primary etiological agent of dental caries in humans. The abilities to form biofilms, scavenge and catabolize a wide range of carbohydrates, and tolerate major fluctuations in nutrient availability and pH are considered crucial for the organism to survive, persist, and cause caries (19) . The phosphoenolpyruvate:sugar phosphotransferase system (PTS) is the major carbohydrate transport system in oral streptococci, especially under carbohydrate-limiting conditions (39, 48) . The PTS consists of two general proteins, enzyme I (EI), which is encoded by the ptsI gene, and the heat-stable phosphocarrier protein HPr, which is encoded by the ptsH gene. In addition, various sugar-specific permeases, known as enzyme II (EII) complexes, are responsible for the concomitant phosphorylation and internalization of many different sugars. The EII complexes are composed of three domains, A, B, and C, which can exist in a single polypeptide or as separate proteins, depending on the organism and cognate sugar (22, 35) . In the case of the EII enzyme for mannose, a fourth domain, D, can be present. The A and B domains are responsible for the phosphorylation of the cognate sugars, whereas the C and D domains comprise the membrane-associated permeases.
PTS components not only participate in sugar uptake, but also influence many other cellular processes, including biofilm formation, chemotaxis, alkali generation, carbon catabolite repression (CCR), and virulence gene expression (1, 10, 28, 30, 35, 49) . The glucose-PTS of Escherichia coli, EII Glc , controls CCR and regulates the expression of rpoS, which encodes the sigma factor ( 32 ) that is central to stress responses in this and related organisms (35, 42, 46) . In Streptococcus salivarius, mutations in the manL gene, encoding the EIIAB L Man , have pleiotropic effects on gene expression, including a dramatically altered proteome, the loss of diauxic growth, and altered PTS activity for various sugars (48) . In S. mutans, the mannosespecific PTS is encoded by three genes (manLMN) arranged in an operon. The manL gene codes for the EIIAB Man domain, whereas the manMN genes code for the C and D domains, respectively. A putative manO homologue, which was initially identified as part of the man operons of Streptococcus salivarius and Streptococcus bovis, is located approximately 2 kbp downstream of manLMN in S. mutans (1, 5, 29) . No function has been assigned to ManO, although it has been speculated that this protein could interact with nucleic acids (11) . The mannose-PTS of S. mutans was demonstrated to take up glucose, mannose, and the glucose analog 2-deoxy-glucose (1, (25) (26) (27) . In addition, Streptococcus mutans JAM1, which lacks EIIAB Man of the mannose-PTS (manL), did not display diauxic growth in the presence of glucose and a nonpreferred sugar, suggesting that EIIAB Man has a central role in CCR (1) . The strain lacking EIIAB Man also had lower levels of expression of the exopolysaccharide-forming glucosyltransferases (gtfBC), indicating an involvement in the regulation of sucrose-dependent biofilm formation and virulence (1) . Two-dimensional gels of JAM1 revealed that the loss of EIIAB Man affected the synthesis of many proteins (1) . In the present study, we continued investigating the contribution of sugar-specific components of the PTS to sugar metabolism, virulence, and gene regulation in S. mutans.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The S. mutans strains listed in Table 1 were maintained in brain heart infusion (BHI) medium at 37°C in a 5% CO 2 atmosphere. When required, 10 g ml Ϫ1 erythromycin (Em) or 1 mg ml Ϫ1 kanamycin (Km) was added to the growth medium. To grow cells for enzymatic assays and to assess the ability of cells to grow in different sugar sources, tryptone-vitamin base (TV) medium (9) supplemented with the desired carbohydrate was used. DNA manipulations. Chromosomal DNA was isolated from S. mutans UA159 as previously described (8) . Restriction and DNA-modifying enzymes were obtained from Invitrogen (Gaithersburg, MD) and New England BioLabs (Beverly, MA). PCRs were carried out with 100 ng of chromosomal DNA using iTaq DNA polymerase (Bio-Rad, Hercules, CA). DNA was introduced into S. mutans by natural transformation with the addition of 5 to 10 mol of competence-stimulating peptide (CSP) (23) . Southern blot analysis was carried out at a high stringency as recommended by the supplier of the labeling and detection kits (Ambion, Inc., Austin, TX).
Inactivation of ptsG. The ptsG gene (2,187 bp), which encodes a putative EII Glc , was inactivated with an Em resistance cassette inserted 70 bp downstream of the start codon in S. mutans UA159 by using PCR ligation mutagenesis (16) . The 5Ј portion of ptsG and upstream sequences were amplified by PCR using a pair of primers designated PtsG23S (5Ј-CACAGGCTTTACAGATTG-3Ј) and PtsG565ASHindIII (5Ј-CCATTAAACaagcttCGAATTTTTGC-3Ј), generating a 542-bp product that was subsequently digested with HindIII. The 3Ј portion of the gene was amplified with the primers PtsGS570KpnI (5Ј-CGGAAAATggtac cTGGTTGTTATTG-3Ј) and PtsGAS1168 (5Ј-CGGTATGTTGTGAAGAAG-3Ј), generating a 598-bp product that was digested with KpnI. Lowercase letters indicate the restriction enzyme site added to the primer sequence.) Each digested fragment was ligated to a HindIII/KpnI-digested Em resistance cassette. The resulting ligation was used to transform S. mutans UA159 to generate strain MMC1.
Construction of reporter gene fusions and CAT assays. Genomic DNA from MMC1 was used to transform TW31 (50), a UA159-derivative strain containing the promoter of the fructan hydrolase gene (fruA) of S. mutans fused to a cat gene, to generate strain JAM25. To measure chloramphenicol acetyltransferase (CAT) activity driven from the fruA promoter in the wild-type (TW31) and EII glc -deficient strains (JAM25), cells were grown in 50 ml of TV plus 0.5% galactose or TV plus 0.5% galactose plus 0.5% inulin to an optical density at 600 nm of 0.4. Cells were harvested, washed with an equal volume of 10 mM Tris-HCl (pH 7.8), and resuspended in 750 l of the wash buffer. The cells were homogenized by bead beating twice for 40 s, with cooling on ice for 2 min after each cycle. The cleared lysates were used to determine CAT activity by the spectrophotometric method of Shaw et al. (41) .
Biofilm and PTS assays. The ability of the wild-type and mutant strains to form stable biofilms in the presence of glucose or sucrose was assessed as described elsewhere (3) . Permeabilized cells of S. mutans strains that had been grown in TV medium supplemented with 0.5% (wt/vol) glucose, mannose, fructose, or lactose to an optical density at 600 nm of 0.6 were assayed for sugarspecific PTS activity as described elsewhere (17) .
Transformation assay. The transformation efficiencies of UA159, MMC1, and JAM1 were assessed. Briefly, cells were grown in BHI plus 10% (vol/vol) horse serum at 37°C in 5% CO 2 , 95% air to an optical density at 600 nm of 0.2. CSP (23) was added to the cultures to a final concentration of 10 mol ml Ϫ1 and incubated for 20 min, followed by the addition of plasmid DNA at a final concentration of 1 g ml Ϫ1 . To assess the transformation efficiency of JAM1, pJL78, a plasmid containing the relA gene disrupted by an Em marker, was used (20) . MMC1 was transformed with pJA8, which is a plasmid that contains the galK gene disrupted by a Km marker (2) . S. mutans UA159 was transformed with both plasmids independently. After the addition of plasmid DNA, cells were incubated for 3 h and then plated on BHI plates for total cell counts and on BHI supplemented with Em or Km to enumerate transformants. Colonies were counted after 48 h, and transformation efficiency was expressed as the percentage of transformants among the total viable recipient cells.
Two-dimensional electrophoresis. Protein lysates were prepared from S. mutans UA159 and MMC1 that were grown in 100 ml of BHI broth to an optical density at 600 nm of 0.5 and processed as previously described (1) . Two-dimensional gel electrophoresis was performed at Kendrick Labs, Inc. (Madison, WI), according to the method of O'Farrell (32) , and the gels were silver stained. Densitometric analysis was used to compare the intensities of the spots.
RNA isolation. RNA from S. mutans cells was isolated as described elsewhere (7) with some modifications. Briefly, 50-ml cultures that were intended for use in either microarrays or real-time PCR experiments were grown under the desired conditions and harvested by centrifugation at 4°C. Pelleted cells were resuspended in 400 l of diethyl pyrocarbonate-treated water, 800 l of RNA protect reagent (QIAGEN, Inc., Chatsworth, CA) was added, and the samples were incubated at room temperature for 5 min with vortexing for 10 s at 1-min intervals. Cells were then pelleted, resuspended in 500 l Tris-EDTA (50:10) buffer, and transferred to 1.5-ml screw-cap tubes containing sterile glass beads (avgerage diameter, 0.1 mm; Biospec, Bartlesville, OK), 100 l of 1% sodium dodecyl sulfate, and 650 l of acid phenol:chloroform (5:1). The mixture was homogenized twice in a bead beater for 40 s and chilled on ice for 2 min between cycles. Samples were centrifuged for 30 min at maximum speed at 4°C. Two additional hot acid-phenol:chloroform extractions were performed by incubating the samples at 65°C for 10 min and transferring them to an ice bath for another 10 min, followed by centrifugation at maximum speed for 10 min at 4°C. The aqueous phase was collected and extracted once with chloroform:isoamyl-alcohol (24:1). RNA was precipitated with 1/10 volume of 3 M sodium acetate, pH 5, and an equal volume of isopropanol at Ϫ20°C for 1 h, followed by multiple washes with 70% ethanol, one wash with 99% ethanol, and drying in vacuo. RNA was resuspended in 52 l of diethyl pyrocarbonate-treated water; 1 l was used to estimate RNA concentration, and 1 l was used to verify RNA quality in a formaldehyde gel. The remaining 50-l sample was digested with DNase I (Ambion, Austin, TX), and then the RNA was repurified and treated on column with DNase I using an RNeasy mini kit (QIAGEN, Inc., Chatsworth, CA) as recommended by the supplier. RNA concentration was estimated spectrophotometrically in triplicate. One microgram of RNA was run in a formaldehyde gel to verify RNA quality and to validate the concentration estimates.
Microarray experiments. S. mutans UA159 microarrays were provided by The Institute for Genomic Research (TIGR). The microarrays consisted of 1,948 70-mer oligonucleotides representing 1,960 open reading frames. The full 70-mer complement is printed four times on the surface of each microarray slide. Additional details regarding the arrays are available at http://pfgrc.tigr.org /descriptions/S -mutans.shtml. A reference RNA that had been isolated from 2 liters of UA159 cells grown in BHI broth to an optical density at 600 nm of 0.5 was used in every experiment. The reference RNA was purified as above, aliquoted, and stored at Ϫ80°C. Our experimental conditions consisted of S. mutans UA159 and JAM1 grown in BHI broth and collected at the mid-exponential phase of growth (optical density at 600 nm ϭ 0.5). All RNAs were purified as described above and used to generate cDNA according to the protocol provided by TIGR at http://pfgrc.tigr.org/protocols.shtml with the following minor modifications. The amount of RNA in each reaction was increased to 10 g, and the molar ratio of dTTP:aa-dUTP was increased to 1:1.5. In addition, SuperscriptIII reverse transcriptase (Invitrogen, Gaithersburg, MD) was used to increase cDNA yields. Purified UA159 and JAM1 cDNAs were coupled with indocarbocyanine (Cy3)-dUTP, while reference cDNA was coupled with indodicarbocyanine (Cy5)-dUTP (Amersham Biosciences, Piscataway, NJ). Six individual Cy3-labeled cDNA samples originating from six different cultures of UA159 or JAM1 were hybridized to the arrays along with Cy5-labeled reference cDNA, generating a total of 12 slides. Hybridizations were carried out in the dark for 17 h at . The slides were then washed according to TIGR protocols and scanned using a GenePix scanner (Axon Instruments Inc., Union City, CA) at 532 nm (Cy3 channel) and 635 nm (Cy5 channel). The sensitivity of the photomultiplier tube was adjusted during prescanning at 33% of full power in order to obtain a Cy3:Cy5 ratio of 1:1. S. mutans microarray data analysis. After the slides were scanned, singlechannel images were loaded into TIGR Spotfinder software (http://www.tigr.org /software/) and overlaid. A spot grid was created according to TIGR specifications and then manually adjusted to fit all spots within the grid. The intensity values of each spot were measured and saved into ".mev" and ".tav" files. Data were normalized using LOWESS and iterative log mean centering with default settings, followed by in-slide replicate analysis using TIGR microarray data analysis software (MIDAS; http://www.tigr.org/software/). Spots that were flagged as bad because of either low intensity values or signal saturation were automatically discarded. Statistical analysis was carried out using BRB array tools (http://linus.nci.nih.gov/BRB-ArrayTools.html) with a cutoff P value of 0.001.
Real-time quantitative RT-PCR. Real-time quantitative reverse transcription (RT)-PCR was used to validate microarray experiments. Four independent RNA samples from UA159 and JAM1 grown in BHI to an optical density of 0.5 were isolated as detailed above. One microgram of RNA and the iScript cDNA synthesis kit containing random primers (Bio-Rad, Hercules, CA) were used to generate cDNA. Gene-specific primers (see Table 3 ) used in all real-time PCR experiments were designed using Beacon Designer 2.0 software (Premier Biosoft International, Palo Alto, CA). Standard curves for each gene were prepared as described elsewhere (52) .
RESULTS
Physiological characteristics of MMC1 and JAM1. A search of the S. mutans genome (4) annotated at the oral pathogens sequence database (http://www.oralgen.lanl.gov/) showed only one gene, SMu1858 (oralgen annotation; SMU.2047c, GenBank annotation), with similarity to the previously characterized EII Glc of Bacillus subtilis (44) . The EII Glc of S. mutans is 69% identical (81% similar) to a probable glucose-specific EIIABC of Streptococcus pneumoniae and 34% identical (54% similar) to the EII Glc of Bacillus subtilis (44) . A BLAST search of PtsG of B. subtilis against the S. mutans database revealed that SMu1858 shares the highest degree of similarity, and that other open reading frames did not share high levels of similarity with the query protein.
To determine the impact of the absence of a functional EII Glc on the ability of S. mutans to metabolize sugars, MMC1 was grown in TV medium supplemented with 0.5% glucose, fructose, mannose, lactose, galactose, or sorbitol. The ptsG knockout strain, MMC1, did not display altered growth relative to the wild-type strain on any of the sugars tested (data not shown). PTS activity was measured in UA159, MMC1, and JAM1 cells that were grown in TV medium supplemented with various carbohydrate sources. No differences were seen in glucose, fructose, mannose, lactose, or sorbitol PTS activity (data not shown) when MMC1 was grown in glucose or fructose. Also, MMC1 displayed diauxic growth in the presence of glucose and the nonpreferred carbohydrate inulin (Fig. 1) , suggesting that, unlike EII Man , EII Glc is not involved in CCR in S. mutans. Interestingly, the utilization of inulin by MMC1 was less efficient than that by UA159 (Fig. 1) , suggesting that EII Glc may exert regulatory control over the expression of fructan hydrolase encoded by the fruA gene.
The growth characteristics of JAM1, the manL knockout strain, in glucose, fructose, and mannose were consistent with our earlier observations (1), which revealed that the growth rate of JAM1 was lower in glucose, higher in mannose, and similar to that of the wild-type strain in fructose. With the inclusion in this study of additional carbohydrates that had not been previously tested, it was noted that the doubling time of JAM1 in TV supplemented with 0.5% galactose was 408.3 min (Ϯ10.4), compared to 230.4 min (Ϯ13.3) for S. mutans UA159. Notably, the growth rate of JAM1 on lactose was similar to that of UA159, with doubling times of 116.7 Ϯ 5.8 and 120 Ϯ 5 min, respectively. JAM1 grew much faster in 0.5% sorbitol than did UA159, with doubling times of 216.7 Ϯ 7.6 and 330 Ϯ 25 min, respectively. The level of lactose-PTS activity in JAM1 grown on glucose was threefold lower than that observed for UA159 (P ϭ 0.002) (Fig. 2A) . Also of note (Fig. 2B) , when cells were grown in the presence of glucose, the activity of the cellobiose-PTS in JAM1 was twofold higher than that observed for UA159 (P ϭ 0.003).
Effects of EII Glc on gene expression. The fruA gene product is an exo-␤-D-fructosidase or fructanase enzyme that catalyzes the hydrolysis of extracellular homopolymers of fructose into free fructose (8) , which can enter the cell via the fructose-PTS. EII Glc does not appear to be involved in the regulation of the fructose-PTS, as MMC1 did not display altered growth rates in fructose and had wild-type levels of fructose-PTS activity. However, the observation that MMC1 grows slower on inulin led us to investigate whether EII Glc could be involved in the regulation of fruA. Strains carrying a cat gene fusion to the fruA promoter were grown in TV medium supplemented with the nonrepressing sugar galactose (0.5%), with or without 0.5% inulin. We observed a 50% reduction (P ϭ 0.02) in CAT activity expressed from the fruA promoter in JAM25 (ptsGminus background) relative to the wild-type background (TW31) in cells grown in the presence of inulin (Fig. 3) .
In addition to changes in the expression of fruA, an effect on the protein profile of cells lacking EII Glc was evident in twodimensional gels that were silver stained, revealing that at least 14 proteins were up-regulated and 12 were down-regulated in the ptsG-minus strain (data not shown).
Role of EIIAB Man and EII Glc in biofilm formation. When using transposon mutagenesis to search for genes involved in biofilm formation in Streptococcus gordonii, Loo and colleagues (28) noted that insertions into the gene for an inducible fructose-PTS caused decreases in biofilm accumulation. In the present study, we investigated the role of EIIAB Man and EII Glc in biofilm formation in the presence of glucose and sucrose. Figure 4 shows that JAM1 had an impaired capacity to form biofilms in the presence of glucose, but the strain lacking ptsG did not display altered biofilm formation under these conditions. Neither mutant strain showed a significant difference in biofilm formation when grown in the presence of sucrose (data not shown).
Diminished transformation efficiency of JAM1. Several competence-related genes are known to contribute to the ability of S. mutans to form biofilms (3, 24) . Also, as we noted previously (1), a gene with significant similarity to comA, which is involved in the secretion of CSP (33), lies immediately downstream of the manLMN operon in S. mutans. Because of the pleiotropic effects of the loss of EIIAB Man and EII Glc on gene expression and virulence properties, we investigated whether these enzymes affected the ability of cells to be transformed by DNA with resident homology in the chromosome. S. mutans MMC1 did not show any changes in the ability to be transformed (Table 2) . However, when JAM1 was transformed in the absence of CSP, an average reduction of 81% in the total number of transformants was observed ( Table 2) . As expected, the addition of CSP resulted in an increase of about 1,000-fold in the overall transformation efficiency, but JAM1 still showed a reduction of 64% in the number of transformants relative to UA159 ( Table 2) .
The transcriptome of JAM1 reveals that EIIAB Man has a major impact on energy metabolism. Unlike EII Glc , EIIAB Man of S. mutans has an important role in multiple cellular processes, including CCR, biofilm formation, and competence. These findings, supported by our previous work with S. mutans UA159 (1) and the extensive work of Vadeboncoeur and colleagues with other oral streptococci (11, 29, 47, 48) , provided a strong rationale to apply microarrays to explore how gene expression was affected on a more global scale in JAM1. Table 3 shows that, under the growth conditions tested, 62 genes displayed altered expression levels in JAM1 relative to UA159 with a P value of Յ0.003. Among these genes, 27 (43.5%) participate in energy metabolism, 8 encode components of the PTS, and 10 were hypothetical proteins (Fig. 5) . Notably, a putative cellobiose-specific IIC component of the PTS (SMU.1596) showed the greatest change in expression, 132-fold, in the EIIAB Man knockout strain. Also, a putative phospho-␤-glucosidase, encoded by bglA, that is responsible for the breakdown of ␤-glucosides, such as esculin, cellobiose, and salicin (12), was up-regulated 100-fold in JAM1. The genes involved in glycogen anabolism (SMU.1535 to 1538), glgCDAP, were also up-regulated at least sevenfold in JAM1. Interestingly, the histidine kinase covS/vicK gene (SMU.1516), which regulates the expression of several genes involved in biofilm formation, was down-regulated 3.5-fold in JAM1. Real-time quantitative RT-PCR of 20 genes was performed to validate microarray data, revealing that 18 genes displayed the same trend observed in the microarrays (Table 3) . Because real-time quantitative RT-PCR is a much more sensitive technique, some discrepancy in the relative levels of RNA from the two strains between microarray and real-time PCR data was expected.
DISCUSSION
In many bacteria, EII Glc is a central regulator of global gene expression through CCR by allosterically regulating the activity of other enzymes, PTS porters, and regulatory proteins (15) . Previously, we demonstrated that the mannose-PTS plays important roles in sugar metabolism, CCR, and virulence gene expression in S. mutans (1) . In conjunction with the findings presented in this study, it appears that EIIAB Man , but not EII Glc , is a key component in the regulation of energy metabolism. Our data also revealed that EIIAB Man profoundly influenced CCR, PTS activity, biofilm formation, and genetic competence, whereas EII Glc has a negligible influence on these traits.
The comparisons of PTS activities in the parental and MMC1 strains revealed that EII Glc is not a major glucose porter in S. mutans and does not exert an important role in the regulation of other PTS enzymes. On the other hand, the inactivation of ptsG does seem to have a considerable effect on the proteome. Thus, it is likely that the EII Glc enzyme exerts an influence on the expression or activity of other genes and gene products in the cell. It is of interest that EII Glc impacts the expression of fructanase (fruA), which is known to be induced by the presence of its substrates, levans and inulins, but also to be negatively regulated by CCR and the fructose-PTS (51) . A lack of any effect of the loss of EII Glc on diauxic growth suggests that this PTS enzyme has little influence on CCR in S. mutans UA159. Therefore, it is possible that EII Glc regulates the ability of components of the PTS to negatively regulate fruA expression without dramatically influencing measurable fructose-PTS activity. Further studies on the interplay of EII Early studies reported that the glucose/mannose-PTS of S. mutans could regulate the uptake of glucose and lactose and possibly other sugars (25) (26) (27) . Interestingly, JAM1 was able to grow faster than UA159 in sorbitol and had altered levels of lactose and cellobiose-PTS activity compared to that of the wild type. Microarray data revealed that the cellobiose-PTS and phospho-beta-glucosidase had the greatest severalfold change in the expression in JAM1 (Table 3 ). The cellobiose-PTS phosphorylates and transports ␤-glucosides (cellobiose, salicin, and arbutin), whereas phospho-␤-glucosidase, encoded by bglA, is responsible for the breakdown of ␤-glucosides. In S. mutans, the bglA gene flanks the genes for the ␤-glucosidespecific EII (cellobiose-PTS), is induced by the presence of ␤-glucosides, and is subject to CCR (12) . Thus, it is possible that the cellobiose-PTS and the bgl operon are subject to the same regulatory mechanisms. It is also possible that EIIAB Man could control the expression of the entire bgl regulon through CCR. Mechanistically, it is likely that the influence of EIIAB Man on PTS activities could be exerted through the phosphorylation state of regulatory proteins controlling PTS gene transcription or that EIIAB Man directly interacts with other porters to allosterically control their activity, as has been observed with EII Glc of E. coli and IIA Crr of Streptomyces coelicolor (15) . We have initiated studies to better understand how EII Man exerts its influence on such a wide array of gene products.
Microarray experiments comparing UA159 and JAM1 also revealed that fructose-PTS genes showed significantly altered levels in JAM1, confirming our earlier finding that EIIAB Man regulates the fructose-PTS (1). Interestingly, the expression levels of SMU.674 and SMU.675, encoding the two central PTS enzymes HPr and EI, respectively, were about threefold higher in JAM1. It is well known that HPr directly participates in the classical CCR model proposed for low GϩC gram-positive bacteria by forming a complex with CcpA and then binding to the cis-acting replication elements in the promoter regions of genes that are under CCR (6, 38) . However, it appears that this model of CCR does not necessarily apply to S. mutans, since strains lacking CcpA do not show the alleviation of CCR of genes that are tightly linked to sequences of cis-acting replication elements (51) . We suggest that EIIAB Man may be a central regulator in CCR by sensing the availability of particular sugars or the availability of phosphoenolpyruvate and exerting its control by phosphorylation or direct interaction with potential targets as outlined above. Microarray analysis revealed that at least 10 functional categories had genes with altered expression in JAM1 (Fig. 5) , providing additional evidence (1, 48) that the impact of EIIAB Man on gene expression in S. mutans is extremely broad. It is likely that the effects observed could be a consequence of alterations in carbohydrate metabolism caused by the direct involvement of EIIAB Man in the allosteric regulation of several proteins, including transcriptional regulators. At this point, it is clear that EIIAB Man has a central role in controlling energy metabolism and PTS gene regulation and may act as an energy level sensor in the cell.
The complex process of competence development and DNA uptake involves a network of several genes. Many of these genes were previously reported to be involved in stress tolerance and biofilm formation (3, 13, 21, 34, 37) . The process of competence is not only necessary for the achievement of genetic variability but also allows the use of extracellular DNA as an energy source (14) . In Haemophilus influenzae, competence was demonstrated to be under direct nutritional control by a fructose-PTS, suggesting that cells take up DNA primarily to obtain nucleotides (31) and perhaps for energy generation. In the oral cavity, DNA, which comes from the host and the complex microbial communities living on the host tissues, is probably abundant. The observation that JAM1 has a reduced capacity to be transformed suggests that the involvement of EIIAB Man in competence in S. mutans may not be directly related to genetic recombination, but rather it is required to balance the energy levels of the cell.
Interestingly, the gene encoding the histidine kinase of the covS/vicK two-component system was down-regulated 3.5-fold in JAM1 (Table 3 ). This two-component system has been shown to regulate the expression of the genes for the glucosyltransferases GtfB, -C, and -D, which convert sucrose to adhesive extracellular homopolymers of glucose as well as the gbpB gene, which encodes a major glucan binding protein, and the ftf gene, which codes for the enzyme that converts sucrose to extracellular homopolymers of fructose, fructans (40) . Also, a strain lacking a functional vicK was demonstrated to form less biofilm and had reduced transformation efficiency (18, 40) . So, it is possible that the impaired capacity of JAM1 to form biofilms and be transformed is in part also related to the down-regulation of vicK.
In E. coli, glycogen biosynthesis is controlled by the levels of glycolytic intermediates, including stimulation by fructose-1,6-bisphosphate and inhibition by AMP, ADP, and orthophosphate (36) , so that glycogen production is enhanced when carbohydrates are abundant and repressed when ATP levels decrease. In contrast, the levels of glycolytic intermediates did not appear to regulate glycogen anabolism in Bacillus stearothermophilus, indicating that there are alternative mechanisms in bacteria for the regulation of glycogen metabolism (45) . In S. mutans UA130, the dlt genes are also responsible for the accumulation of intracellular storage polymers (IPS) (43) . Mutations in enzyme I, the central PTS enzyme, caused altered transcript levels of dlt genes, suggesting that the PTS regulates the accumulation of IPS (43) . As revealed by microarrays, glycogen biosynthesis genes had higher expression levels in JAM1, suggesting a role for EIIAB Man in the negative regulation of glycogen anabolism. The sensing of exogenous sugars and the capacity to detect changes in carbohydrate flux through the glycolytic pathway may allow EIIAB Man to act as a central regulator that balances IPS accumulation against catabolism.
Concluding remarks. Our investigation revealed that the inactivation of the ptsG gene does not lead to major changes in sugar metabolism, biofilm formation, and competence. Building on our previous work with the EIIAB Man porter, encoded by the manL gene, we demonstrated that EIIAB Man regulates the lactose and cellobiose-PTS, and influences the process of competence and biofilm formation. We used microarray analysis to investigate the basis for the profound changes in phenotype observed in the EIIAB Man mutant strain, revealing that at least 10 functional categories of genes showed alterations in expression in the ManL-deficient strain. Consistent with the central role of IIAB Man in the regulation of the acquisition of essential energy sources and with the fact that S. mutans depends entirely on substrate-level phosphorylation for growth, the category of energy metabolism had the greatest number of genes with altered expression. In conclusion, we suggest that EIIAB Man has a central regulatory role in the physiology and virulence of S. mutans by sensing the energy levels of the cell and directly regulating the activity of several regulatory proteins and PTS porters through allosteric interactions or phosphorelay or indirectly by influencing carbohydrate utilization. Efforts to dissect the mechanisms of EII man -dependent regulation of gene expression are under way. 
